Understanding the systems-level actions of transcriptional responses to hormones provides 28 insight into how the genome is reprogrammed in response to environmental stimuli. Here, we 29 investigate the signaling pathway of the hormone jasmonic acid (JA), which controls a plethora of 30 critically important processes in plants and is orchestrated by the transcription factor MYC2 and 31 its closest relatives in Arabidopsis thaliana. We generated an integrated framework of the 32 response to JA that spans from the activity of master and secondary-regulatory transcription 33 factors, through gene expression outputs and alternative splicing to protein abundance changes, 34 protein phosphorylation and chromatin remodeling. We integrated time series transcriptome 35 analysis with (phospho)proteomic data to reconstruct gene regulatory network models. These 36 enable us to predict previously unknown points of crosstalk from JA to other signaling pathways 37 and to identify new components of the JA regulatory mechanism, which we validated through 38 targeted mutant analysis. These results provide a comprehensive understanding of how a plant 39 hormone remodels cellular functions and plant behavior, the general principles of which provide 40 a framework for analysis of cross-regulation between other hormone and stress signaling 41 pathways. 42 43 44 45 46 47 48 49 50 51 52 5 2004, Fernandez-Calvo et al. , 2011). myc3 and myc4 single mutants behave like wildtype with 104 regards to JA-induced root growth inhibition. However, in combination with the myc2 mutant, 105 myc2 myc3 double mutants exhibit an increased JA hyposensitivity, almost as pronounced as in 106 myc2 myc3 myc4 triple mutants (Fernandez-Calvo et al., 2011). We consequently selected MYC3 107 for an in-depth analysis.
Introduction

53
Plant hormones are structurally unrelated small signaling molecules that play pivotal roles in a 54 wide range of fundamental processes of plants spanning growth, development and responses to 55 environmental stimuli (Vanstraelen and Benkova, 2012) . Hormone perception by plants 141 pattern also holds true for the JA signaling pathway. Our MYC2/MYC3 ChIP-seq analyses 142 determined that approximately two thirds of genes encoding for known JA pathway components 143 (112 of 168 genes for MYC2 and 96 of 168 genes for MYC3) are bound by MYC2 and MYC3 144 ( Supplementary Fig. 1c, d and Supplementary Table 4 ). Interestingly, the majority of all known JA 145 genes that were differentially expressed following JA treatment were bound by MYC2 or MYC3 146 whereas fewer non-differentially expressed known JA genes were directly targeted 147 ( Supplementary Fig. 1c and Supplementary Table 4 ). MYCs initiate various feed forward loops 148 that allow a rapid activation of the transcriptional JA response (Du et al., 2017 , Liu et al., 2019 .
149
Our ChIP-seq approach revealed that besides the autoregulation of MYC2 and MYC3, they also 150 regulate JA biosynthesis either indirectly through binding to the AP2-ERF transcription factor gene 151 ORA47 (Chen et al., 2016a) or directly by targeting the JA biosynthesis genes LOX2 and AOS2
152
( Supplementary Table 4 ). In addition, MYCs simultaneously target various negative regulators 153 enabling MYCs to efficiently dampen the JA response pattern. Key negative regulators of JA 7 signaling are the JAZ repressors, a gene family of 13 members in Arabidopsis (Guo et al., 2018, 155 Chung et al., 2010 , Cuellar Perez et al., 2014 which can interact with the adaptor protein NINJA 156 to confer TOPLESS-mediated gene repression (Pauwels et al., 2010) . Strikingly, all JAZs and 157 also NINJA are directly bound by MYC2 and MYC3 ( Supplementary Fig. 1e Table   166 2). Differentially expressed genes were categorized into clusters with similar expression trends 167 over time to facilitate visualization of complex expression dynamics and enriched functional 168 annotations ( Supplementary Fig. 2a and Supplementary Table 5 ). The largest upregulated cluster 169 was the "JA cluster" which was enriched for gene ontology (GO) terms associated with JA 170 responses ( Fig. 2a ). In contrast, the "Cell wall cluster" was the largest cluster of downregulated 171 genes and enriched for GO terms associated with cell wall organization, development and 172 differentiation (Fig. 2b) . These two main clusters illustrate the defense-growth trade-off that plants 173 are faced when defense pathways are activated (Huot et al., 2014) .
174
Up to 63% (0.5 h JA treatment) of differentially expressed genes at any given time 175 point were directly bound by MYC2 and/or MYC3 (Fig. 2c ), highlighting the important role of MYCs 176 in transcriptionally regulating JA responses. Our analysis also determined that 522 of 1,717 177 known or predicted TFs were differentially expressed within 24 h of JA treatment (Supplementary 178 Fig. 2b ). Half of these (268), representing 36 of 58 TF families, were also direct MYC2 or MYC3 8 targets ( Fig. 2d and Supplementary Fig. 2b ) indicating that MYC2 and MYC3 cooperatively control 180 a massive TF network. The three most numerous families (ERFs, bHLHs and MYBs) in the 181 Arabidopsis genome had the most JA-responsive MYC2 or MYC3 targeted members which is 182 concordant with their previously annotated roles in JA responses ( Fig. 2d ) (Chen et al., 2016b) .
183
Plant hormone crosstalk is critical for an appropriate cellular response to environmental stimuli 184 and numerous reports describe that MYC2 connects the JA pathway to other major plant hormone 185 pathways (Hou et al., 2010 , Lorenzo et al., 2004 , Aleman et al., 2016 , Zhang et al., 2014 , Cui et 186 al., 2018 , Pieterse et al., 2009 . To investigate this crosstalk function of MYC2 and MYC3 in more 187 detail, we utilized our ChIP-seq data to determine the number of plant hormone TFs that are 188 bound by MYC2 and MYC3. We found that 37 to 59% of annotated hormone pathway genes are 189 bound by MYC2 and MYC3 and that their expression changes in response to 24 hours of JA 190 treatment ( Supplementary Fig. 2c ). In addition, we discovered 122 annotated hormone TFs, with 191 representatives from all hormone pathways, that are bound by MYC2 and MYC3 and 118 of these 192 are differentially expressed ( Supplementary Fig. 2d and Supplementary Table 1 ).
193
We next set out to better understand the target genes of the network of TFs downstream 194 of MYC2 and MYC3. To do so we conducted ChIP-seq or DNA affinity purification sequencing 195 (DAP-seq) (O'malley et al., 2016 (O'malley et al., , Bartlett et al., 2017 , on a subset of TFs that were direct MYC2/3 196 targets and rapidly upregulated (within 0.5 h) by JA treatment (DREB2B, ATAF2, HY5, RVE2, 197 ZAT18; Fig. 2e ) or were members of the upregulated "JA cluster" (TCP23; Fig. 2a ). We also 198 included TFs with known roles in JA signaling (ERF1, ORA59, NAC3/ANAC055, WRKY51, 199 ZAT10) (Lorenzo et al., 2003 , Pre et al., 2008 , Bu et al., 2008 , Gao et al., 2011 , Pauwels and 200 Goossens, 2008 . These TFs formed a highly connected network, with all TFs except DREB2B 201 targeting at least two TFs in the network and being themselves targeted by two TFs ( Fig. 2e and 202 Supplementary Table 6 ). Auto-regulation was common, with seven TFs targeting their own loci 203 ( Fig. 2e ). The target genes of ZAT10, ANAC055 and ATAF2 were most similar to those of MYC2/3 204 ( Fig. 2f ). Consistent with this, their target genes shared several significantly enriched gene 9 ontology terms (adjusted p<0.05), suggesting related functions in jasmonate signaling 206 ( Supplementary Fig. 2d ). ORA59 and ERF1, along with DREB2B, formed a distinct group that 207 targeted a related set of genes ( Supplementary Fig. 3a ). Notably, ERF1 and ORA59 also shared 208 significant enrichment of a separate set of gene ontology terms with one-another, but that were 209 not enriched amongst MYC2/3 targets. This is consistent with the joint role of ERF1 and ORA59 210 in controlling a pathogen defense arm of JA signaling (Pre et al., 2008 , Lorenzo et al., 2003 . No 211 gene ontology terms were enriched amongst the targets of DREB2B. WRKY51 and RVE2 had 212 relatively few enriched gene ontology terms but shared most of these with one-another. Most of 213 the terms related to anti-insect defense and were a subset of the enriched MYC2/3-ZAT10-
214
ANAC055-ATAF2 gene ontology terms ( Supplementary Fig. 2a ). ZAT10 and ANAC055 are 215 known regulators of anti-insect defense and our results suggest WRKY51 and RVE2 may also be 216 involved in this component of jasmonate responses (Schweizer et al., 2013a) . Taken together, 217 our analyses determine that MYC2 and MYC3 shape the dynamic spatiotemporal JA response 218 through the activation of a large TF network that includes various potentially coupled feedforward Supplementary Table 7 ). We identified 826 differentially expressed genes (675 234 induced, 151 repressed; Col-0 control v. JA-treated) in that experiment and, as expected, the JA-235 induced genes had a stronger promoter enrichment of MYC2 than the JA-repressed genes ( Fig.   236 3a and Supplementary Table 2 ). The JA-induced genes had an increase of H3K4me3, whereas 237 JA-repressed genes had no dynamic change in the level of H3K4me3 (Fig. 3b, d ). Strikingly, myc2 238 mutants only display a compromised increase of H3K4me3 after JA treatment suggesting that the 
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Alternative splicing can occur rapidly in response to environmental stimuli, 274 contributing to transcriptome reprogramming and potentially fine-tuning physiological responses 275 (Hartmann et al., 2016 , Calixto et al., 2018 . It is central to JA-mediated regulation of transcription,
276
with an alternative isoform of the repressor JAZ10 creating a negative feedback loop that 277 desensitizes cells to a JA stimulus (Moreno et al., 2013 , Zhang et al., 2017 , Chung et al., 2010 .
278
However, the extent of alternative splicing in JA signaling beyond the JAZ repressors is poorly 279 characterized. We observed that phosphorylation of proteins involved in RNA recognition and 280 nucleotide binding was disrupted in JA-treated myc2 mutants compared with Col-0 seedlings. The 281 spliceosome was the only pathway significantly enriched amongst these differentially 12 phosphorylated proteins (p < 0.05, 18 genes matched) suggesting that MYC2 may influence JA-283 responsive alternative splicing. We examined isoform switching events across our JA 284 transcriptome time-series, where the most abundant of two isoforms from a single gene changes,
285
to determine the extent of JA-responsive alternative splicing ( Fig. 4d , e, Supplementary Table   286 10). There were 151 switch events, corresponding to 137 isoform pairs from 120 genes, within 24 287 h of JA treatment. These were identified from 30,547 total individual transcripts detected (average 288 TPM>1; Supplementary Table 11 ). Two of the genes exhibiting isoform switches had prior JA 289 annotations (RVE8/AT3G09600, SEN1/AT4G35770) and others were annotated to a variety of 290 processes (including auxin, ABA, light signaling, disease response, amongst many others), but 291 there was no significant enrichment of any gene ontology terms or pathways. This indicates that 292 MYC2 influences alternative splicing that diversifies the transcriptome in response to a JA 293 stimulus. data previously collected for the remaining 12 JA TFs to their targets in the gene regulatory 13 network ( Fig. 2, Supplementary Fig. 6b and Supplementary Table 13 ). The gene regulatory 308 network identified all of these TFs as components of the JA response, except MYC3
309
( Supplementary Table 12 ). It is likely that MYC3 was not part of the network due to it being only 310 modestly differentially expressed following JA treatment and not being detected in the 311 (phospho)proteome analyses (Supplementary Tables 2, 8, 9) . The wider validation of targets was 312 less strong than for MYC2, ranging from 0% to 33.3%. This could reflect the possibility that 
316
( Supplementary Fig. 6a, b ). This is consistent with the known role of JAZ10 in establishing 317 negative feedback that attenuates JA signaling (Moreno et al., 2013) . MYC2 was also predicted 318 to activate AIB (JAM1/bHLH017/AT2G46510) ( Supplementary Fig. 6a, b) , establishing a negative 319 feedback loop in which AIB negatively regulates MYC2. This is consistent with prior studies, which 320 established AIB is dependent upon and antagonistic to MYC2, thereby repressing JA signaling 321 (Nakata et al., 2013 , Sasaki-Sekimoto et al., 2013 , Fonseca et al., 2014 . Confirmation by both 322 genetic data from the literature and our DAP/ChIP-seq experiments indicates that our gene 323 regulatory network modelling approach is a useful tool to identify new regulatory interactions 324 within JA signaling and to better understand known regulatory interactions.
325
Crosstalk between hormone response pathways permits fine-tuning of plant growth 326 and development in response to diverse environmental signals (Karasov et al., 2017) . We 327 examined the potential points at which MYC2 may interface directly with other hormone signaling 328 pathways, since MYC2 is the master regulator of JA responses and one of the first TFs activated 329 by JA. The MYC2 subnetwork identified a potential route for JA signaling to cross-regulate auxin 330 hormone signaling. MYC2 activated ARF18 and ARF18 reciprocally activated MYC2 331 ( Supplementary Fig. 6a and Supplementary Table 12 ). It also indicated that MYC2 may promote 332 ethylene signaling by activating MAP kinase kinase 9 (MKK9) ( Supplementary Fig. 6a ). Prior 14 genetic studies determined that MKK9 induces ethylene production, but had not examined a 334 possible link with JA signaling (Xu et al., 2008) . Positive crosstalk is known to exist between JA 335 and auxin signaling though the mechanism is not clearly determined (An et al., 2010 , Hentrich et 336 al., 2013 . RGL3, a regulator of gibberellic acid (GA) signaling previously associated with JA-GA 337 crosstalk, was also present within the MYC2 subnetwork ( Supplementary Fig. 6a ), predicted to 338 inhibit MYC2 but not to be reciprocally regulated by MYC2 (Wild et al., 2012) . These three 339 interactions are potential points at which crosstalk can occur rapidly during a JA response with 340 auxin, gibberellin and ethylene.
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We next examined the broader gene regulatory network to identify additional 342 predicted points of crosstalk between JA and other signaling pathways. The model predicted that 343 STZ/ZAT10 is a key early hub through which JA signaling is prioritized over several other hormone 344 and stress response pathways ( Fig. 5a and Supplementary Table 12 ). STZ/ZAT10 is known to be 345 a transcriptional repressor from genetic studies (Mittler et al., 2006) and, consistent with this, our 346 model predicted that it inhibited the majority of genes it regulates (25 of 34 genes). WRKY40, 347 WRKY70, DDF and ERF6 were all predicted to be inhibited by STZ/ZAT10 within 0.25 h of a JA 348 stimulus and GRX480 within 1 h. Direct binding of STZ/ZAT10 to ERF6 was detected in ChIP-seq 349 assays ( Supplementary Table 6 ). WRKY40 and WRKY70 both are both early brassinosteroid (Zander et al., 2012 , Ndamukong et al., 2007 . The model also predicts that 357 ERF6, WRKY70 and DDF1 exert negative feedback on STZ/ZAT10 by activating JAZ8 within 0.25 15 signaling and is predicted to repress STZ/ZAT10 (Shyu et al., 2012) . In sum the gene regulatory 360 network predicts that STZ/ZAT10 is an important hub for JA signaling to be prioritized over other 361 hormone and stress response pathways (Fig. 5a ). Supplementary Table 1 ) and whose subnetwork is comprised of 26 predicted regulated 368 genes, the majority of which is positively regulated (22 of 26 genes) ( Fig. 5b) . ABO3 encodes the 369 Arabidopsis WRKY transcription factor gene WRKY63, which is involved in stress gene 370 expression and drought tolerance (Ren et al., 2010 , Van Aken et al., 2013 . To investigate the 371 importance of the ABO3 subnetwork in JA signaling, we tested abo3 T-DNA mutant seedlings 372 (SALK_075986C) in a JA-induced root growth inhibition assay. We found that abo3 mutants show 373 a weak JA hypo-sensitive root growth inhibition phenotype (Fig. 5c-e ) indicating that ABO3 is 374 positive regulator of JA signaling and that our network approach is able to identify new pathway 375 components.
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Next, we expanded our phenotyping analysis to T-DNA lines of genes that display the 377 strongest binding of MYC2 and MYC3 in their promoters ( Supplementary Table 1, 13) . The 378 rationale behind this approach is that master TFs target the majority of key signaling components 379 in their regulated respective pathways and that these are often the most strongly bound targets 380 (Chang et al., 2013 , Song et al., 2016 , Xie et al., 2018 . Of 99 genes tested (194 T-DNA lines in 381 total, Supplementary Table 14) , we discovered six genes, when mutated, display mild JA root 382 growth phenotypes ( Supplementary Fig. 7a and Supplementary Table 14 ). Mild phenotypes as 383 well as their low frequency were not surprising since gene redundancy is very common in the 384 16 Arabidopsis genome and even the mutation of the master TF MYC2 only causes a mild JA-385 hyposensitive root growth phenotype (Fig. 5c-e ) (Lorenzo et al., 2004 (Lorenzo et al., , 2000 . Among these genes 386 was the cytochrome P450 enzyme CYP708A2 gene from which both tested T-DNA mutant alleles 387 exhibit a JA hypersensitive root phenotype (Fig. 5f-h) . Interestingly, our network analysis also 388 discovered CYP708A2 as a regulatory hub ( Supplementary Fig. 5a, 7b ). CYP708A2 is involved 389 in the triterpene synthesis which is known to be stimulated by methyl jasmonate (Field and 390 Osbourn, 2008 , Mangas et al., 2006 ; future studies are however needed to further decipher the 391 role of CYP708A2 in JA signaling. Another interesting uncharacterized gene that we discovered 392 caused a JA phenotype is a Sec14p-like phosphatidylinositol transfer family protein (AT5G47730)
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( Supplementary Fig. 7a and Supplementary Table 14 ). Phosphatidylinositol transfer proteins 
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The major insight provided by our study is that multiple points of crosstalk are likely to 411 exist between JA signaling and other pathways. This was evident from the interactions within the 412 genome regulatory network model and supported by our observation that many (37 to 59%) genes 
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Our multi-omic analysis determined that the master TF MYC2 and its relative MYC3 
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Another layer of regulatory complexity within the JA signaling pathway, and within 436 signaling pathways in general, is the presence of multiple feedforward and feedback loops that 437 are activated simultaneously. The interactions between these subnetworks through their kinetics 438 and the strength of their regulatory impact on the broader network is not well understood. For 439 example, we discovered that MYC2 and MYC3 stimulate JA biosynthesis but also target the entire 440 JAZ repressor family from which the majority of members is also transcriptionally activated.
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Uncoupling these subnetworks would be an effective way to determine how they interact to drive 
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Top-ranked MYC2/3 binding sites were identified by applying IDR to the summits from the two 546 biological replicates that had the greatest number of summits above the MACS2 lower cut-off of 547 -log10(25). TF binding motifs were determined using the MEME-ChIP webserver with default 548 parameters on the sequences of the high-stringency summits (Machanick and Bailey, 2011). The 
